The present article reports the application of hexamethylsilazane (HMDS) modified filter paper for ultrasensitive detection of Hg 2+ , Co 2+ and Zn 2+ . By chemical vapor deposition of HMDS, a highly hydrophilic filter paper was fabricated to a low wetting (hydrophobic) substrate. The water contact angle (θ) of modified paper was ~128 , whereas scanning electron and atomic force microscopy confirmed the surface modification. Using chromogenic reagents, a one-step assay for aforementioned ions was demonstrated onto pristine as well as hydrophobic paper. The assay was completed in less than 10 min and the end-result was in form of a color change that could be easily read by the naked eye. The limit of detection on modified paper was 0.5 ppb, which was 5-order of magnitude superior to that observed on pristine paper. The proposed method was successfully applied for semi-quantitative determination of Hg 2+ ions in real wastewater samples.
Introduction
Rapid screening of pollutants in an ambulatory environment is one of the most pressing needs for pollution control. Increasing threats of water contaminants (biological and chemical) have urged researchers to develop rapid tests or methods for their quantification. 1 Inorganic heavy metal ions are a major source of chemical pollutants and have led to fatal disorders in living species. For their detection, various analytical tools [2] [3] [4] [5] [6] are available that are not only expensive but also involve complex operational protocols, thus limiting their application to laboratory usage only. Hence, an upsurge of interest in the development of low cost, easy to operate, highly sensitive and reliable methods for routine detection of heavy metal ions has been reported in recent years. 7 Recently, efforts have been being made to develop rapid assays using low-cost cellulose based platforms. [7] [8] [9] [10] A classic example is the pregnancy test designed on a nitrocellulose substrate. Cellulose based "filter paper" substrates have several advantages as they are economical and readily available as compared to nitrocellulose membranes. The high capillary action of the filter paper makes them an excellent platform for rapid assays in analytical and bioanalytical applications. [10] [11] [12] [13] Arciuli et al. 7 had demonstrated colorimetric detection of phenolic compounds in liquid beverage where the LOD of the paper sensor was 5 μM and a linear response was up to 0.5 mM.
Earlier, Nie et al. 10 also designed a microfluidic paper-based electrochemical device (μPEDs) for the detection of heavy metal ions using anodic strip voltammetry. But fabrication of microchips or microfluidic channels onto the substrate surface requires a substantial amount of knowledge. Chao et al. 8 reported a gold nanoparticle based lateral flow assay for the detection of Hg 2+ in water, which was easy to use and read. β-Galactosidase based sensor has been reported for simultaneous detection of six different heavy metals on the paper platform. 9 Even though they fulfilled the necessity of a multiplexed sensor, the use of any form of biomolecules increases the cost per test.
It has been observed that the hydrophilic nature of filter paper serves as a poor barrier for water vapor and this limits its application.
Thus, improving the hydrophobicity of the hydrophilic substrate represents an interesting area of research where researchers have come up with different modification mechanisms using HMDS, 14, 15 wax [16] [17] [18] and polystyrene. 19, 20 Wax and polystyrene alter the physical properties of cellulose material, and their application in producing hydrophobic barriers. On the other hand, the application of HMDS modified filter paper has been limited for phase separator applications. Hence, the present article is focused on: A) the application of HMDS modified paper as a platform for rapid detection of Hg 2+ using 6-hydroxy-3-(2-oxoindolin-3-ylideneamino)-2-thioxo-2H-1,3-thiazin-4(3H)-one (HOTT), B) digitalizing the color intensity of the assay spots by flatbed scanning and scoring the pixel gray volumes 21, 22 (PGV) using image analysis software, and C) demonstrating the application of the developed method for detection of the tested metal ions in water samples.
We also confirmed the feasibility of HMDS modified paper 2016 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: lmujawar@kau.edu.sa for the detection of Co 2+ and Zn 2+ using other chromogenic reagents such as 4-(5-bromo-2-pyridylazo)-N,N-diethyl-3-hydroxyaniline (5-Br-PADAP) and dithizone (H2DZ), respectively.
Experimental

Reagents and materials
The reagent 6-hydroxy-3-(2-oxoindolin-3-ylideneamino)-2-thioxo-2H-1,3-thiazin-4(3H)-one (HOTT) (Fig. 1A) was prepared as reported. 23 Dithizone (H2DZ) and 4-(5-bromo-2-pyridylazo)-N,N-diethyl-3-hydroxyaniline (5-Br-PADAP) (Figs. 1B and 1C) were purchased from BDH (Poole, England) and Fluka AG (St. Gallen, Switzerland), respectively. HgCl2, Co(NO3)2·6H2O and Zn(NO3)2·6H2O were also obtained from BDH (Poole, England). Whatman filter paper (Grade 4) was obtained from GE Whatman (Buckinghamshire, UK) and standard plain micro glass slides were obtained from HiMedia (Mumbai, India). Paraffin wax was delivered by Techno Pharchem (Haryana, India) and styrofoam sheets were purchased from a local vendor. A series of Britton-Robinson buffer (pH 3 -9) was prepared as described earlier. 23 Also, 0.25% (w/v) 5-Br-PADAP and H2DZ were prepared individually in ethanol and were used for the detection of trace levels of Co 2+ and Zn 2+ ions, respectively.
Equipments
Non-contact mode atomic force microscope (AFM) and a scanning electron microscope (SEM) (JEOL-JSM6301-F) (Peabody, MA) were used for characterization of the surface topography and roughness of pristine and modified filter paper substrates. For AFM analysis, an area of 1 × 1 μm was scanned (256 lines at a frequency of 0.4 Hz) using Park Systems NX10 AFM (Suwon, South Korea). Double distilled water was obtained from a Milli-Q Plus system (Millipore, MA) and was used for the preparation of standard solutions. A Jenway pH meter (Model 3505, UK) and digital-micro-pipette (Volac) were used for pH measurements. Contact angle measuring system (Krüss DSA30S, Hamburg, Germany) was used for measuring the contact angle (θ) of a sessile water droplet on pristine and modified surfaces.
Static contact angle and hysteresis measurements were also performed.
Modification of hydrophobic substrates
Whatman filter paper was cut into strips (12 × 1.5 cm). Then, 
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Preparation of the hydrophobic paper from polystyrene (PS) and wax was performed by the protocol discussed earlier. 17, 25 One-step assay Diluted reagents (HOTT, 5-Br-PADAP, H2DZ) were manually arrayed on pristine and HMDS modified paper using Capp pipette (Odense S, Denmark). Dispensing was executed at room temperature (~21 C) where the volume of the supplied ligand droplet was ~600 nL. Printed paper substrates were air-dried at room temperature for 15 min to ensure complete evaporation of the solvent. Simultaneously, stock solutions (1000 ppm) were prepared in Milli-Q water from HgCl2, Co(NO3)2·6H2O, Zn(NO3)2·6H2O. A series of diluted samples (10 2 , 10 1 , 10 0 , 10 -1 , 10 -2 , 10 -3 ppm) were also prepared in Milli-Q water from the stock solutions. On pristine paper, 3 μL of heavy metal ion solution was supplied to the reagent spots whereas on hydrophobic paper the supplied volume was 10 μL. The hydrophobic paper was incubated at 45 C for 10 min in order to accelerate the drying process (SI-1B, Supporting Information).
Contact angle studies
Static: To evaluate the static contact angle (θ), an accurate volume (1 μL) of Milli-Q water droplet was placed at three different locations on each paper substrate. The static contact angle was measured by Tangent-1 (T-1) method using drop analysis software (DSA-4). The average contact angle (θ) was calculated and data were presented along with standard deviation (±SD).
Hysteresis: In order to estimate surface in-homogeneity, a contact angle hysteresis experiment was performed using Milli-Q water. A goniometer was programmed to dispense Milli-Q water at the flow rate of 20 μL/min starting with an initial volume of 1 μL, advancing up to 30 μL and receding back to 1 μL. The change in contact angle per second was measured by Tangent (T-1) method. Three independent sets of experiments were performed at various locations on each substrate surface in order to obtain average advancing and receding contact angles.
Scanning and image analysis
The color intensity of the ligand spots on pristine and hydrophobic papers was digitalized by scanning them on a flatbed scanner (Fujitsu, fi-6230Z, Japan) at a resolution of 1200 dpi and 24-bit color scale. The intensity of each spot was calculated by uploading the scanned images in image analysis software (Image J). The original scanned image file (RGB) was transformed to 8-bit grayscale format since the pixel gray volume (PGV) obtained from a grayscale image is linearly scaled from min-max to 0 -255. A circular region of interest was placed at the circumference of the colored area and mean PGV was calculated per spot. A set of three individual experiments was performed and average PGV was calculated at respective concentrations ± standard deviation (SD, n = 3).
Analytical applications
The proposed HMDS modified paper was applied for semiquantitative detection of heavy metal ions in tap-and municipal wastewater samples. Tap water was spiked with a known concentration (1 ppm) of Hg 2+ and analyzed following the recommended experimental procedures described in section One-step assay. The details on the collection of wastewater samples, their analysis by ICP-OES and IC are presented in SI-9 (Supporting Information). These samples were analyzed on HMDS modified paper in order to semi-quantitatively determine the presence of aforementioned heavy metal ions by color formation and PGV analysis.
Results and Discussion
Goniometer measurements
The hydrophobicities of modified filter papers (PS, wax and HMDS) and HMDS silanized glass were characterized by determining the static contact angle (θ) of a water droplet. The average contact angles along with their standard deviations are listed in Table 1 . The water contact angle (θ) on polystyrene modified paper was 110.9 ± 0.5 , which was higher than reported on a standard HTA polystyrene slide (θ ~92 ). 24, 26 Even though Abe et al. 25 already demonstrated the application of PS in producing barriers for hydrophilic channels, the consequence of PS modification on the cellulose surface was not reported. A significant difference in advancing and receding contact angle was observed on PS modified filter paper ( Table 1 ). The observed hysteresis may be to partial wetting of PS modified surface and that may influence the shape of the receding droplet thus causing higher contact angle hysteresis (37.5 ± 4.4 ).
The application of paraffin wax for producing hydrophobic paper has already been demonstrated by Songjaroen et al. 17 We followed a similar protocol for producing wax-modified paper where the average contact angle was 117.7 ± 1.2 . In this case, too, hysteresis was observed as the receding contact angle value was lower than the advancing contact angle, thus showing high hysteresis of 30.3 ± 5.6 (Table 1) . On the other hand, we found that the wettability of HMDS modified filter paper was less as compared to other modified paper substrates. The water contact angle (θ) on HMDS modified paper was 127.6 ± 0.9 whereas on HMDS silanized glass the value was 99.9 ± 0.8 . The application of HMDS in improving the hydrophobicity of cellulose-based material had already been discussed in detail by Chinga-Carrasco et al. 27 According to them, silane vapor reacts with free OH-groups of cellulose fibers and incorporate hydrophobic methyl groups on them which in turn impart low wettability to the cellulose material. HMDS vapor adsorbs on the substrate surface as uniform layers, thus acts as a potential agent in improving the substrate's hydrophobicity. Earlier, Mujawar et al. 24 successfully demonstrated the application of HMDS to produce hydrophobic glass slides, which were used as a platform for producing high quality microarrays. We observed low hysteresis on HMDS modified paper as compared to other surfaces (26.5 ± 3.6 ) ( Table 1) .
Atomic force microscopy (AFM) analysis
To understand the influence of surface modification on the topography and roughness of the substrate, AFM analysis was performed on pristine filter paper and compared to modified (HMDS, PS and wax) substrates. The optical images of all four paper substrates did not highlight any significant differences in surface topography as shown in Fig. 2 (A -D) . Upon scanning, no dissimilarity in the surface morphology of pristine and HMDS modified paper was observed (Figs. 2E and 2F ). This indicates that the adsorption of silane did not exert any morphological changes on the cellulose fibers. Even though PS modification also did not prompt any visible changes (via the naked eye), but AFM analysis revealed partial coverage of cellulose fibers with the polymer (Fig. 2G) . On the other hand, wax modification resulted in a complete coverage of the organic compound (i.e., wax) on the cellulose substrate (Fig. 2H) .
The influence of various modifications on the surface roughness of filter paper substrates was critically investigated and is listed in SI-2 (Supporting Information). The topography of cellulose fibers for pristine and HMDS modified paper was similar, but upon surface modification, a significant change in the roughness was noticed. The average (Ra) and RMS (Rq) roughness of HMDS modified paper was 16 and 13 μm, respectively. These values were ~60% less than what was observed for pristine filter paper. The curtailed roughness with minimum morphological changes of the cellulose surface may cause low hysteresis on HMDS modified paper. The Ra and Rq a. Values ± standard deviation (n = 3). values for the PS modified surface were higher than observed for silane modified paper, whereas wax modified surface showed the least roughness value. HMDS modification retained the original flexibility of the filter paper, which may allow simple and functional elements (e.g., filters or separators) to be built onto the platform.
Scanning electron microscopy (SEM) analysis
SEM images for pristine filter paper are shown in the left hand side of Fig. 3 and those on the right hand side represent HMDS paper. One can see that pristine filter paper exhibits a fibrous structure and some fibers form straight parallel aggregates. The surface morphology of modified paper (Figs. 3C and 3D ) is an obvious difference with that of unmodified filter paper (Figs. 3A  and 3B ). The number of voids in the pristine filter paper was found to be higher than on HMDS modified filter paper, whereas no significant changes were noticed on the size of voids in the modified and unmodified filter papers. The wettability of HMDS modified and non modified filter papers may account for the observed trend. The HMDS modified paper showed a tighter surface, most likely attributed to the introduction of silane molecules onto the cellulose surface.
One-step assay for the detection of heavy metal ions
The application of HMDS modified paper in improving the LOD of one-step assay for detection of Hg 2+ was demonstrated and successfully compared with pristine filter paper. HOTT reagent is known to develop a brick-red color upon interaction with Hg 2+ ions. 23 On pristine paper, the color formation was observed only for 10 2 and 10 3 ppm Hg 2+ ion solution (Fig. 4A,  inset) . However, on hydrophobic paper, yellow colored HOTT spots were transformed into brick-red even at extremely low Hg 2+ concentrations (i.e., 5 × 10 -4 ppm). The color intensity of Hg 2+ spots can be easily read via the naked eye and was found to surge with increasing concentration of Hg 2+ (Fig. 4B, inset) . The reagent HOTT has numerous coordination sites in complex formation which gave variable bonding modes with metal ions (Fig. 1A) . A comparison of the IR spectra of the HOTT reagent and its Hg(II) complex has revealed that the reagent participated to Hg(II) in a bi-dentate mono negative
fashion through the thione sulfur ν(-N-C=S) as indicated from the observed shift of ν(-N-C=S) to a lower wave number with the appearance of a new band at 395 cm -1 due to ν(Hg-S).
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Participation of the oxime oxygen of the reagent was also noticed from the disappearance of ν-OH and the appearance of ν(-Hg-O) at 1100 cm -1 and ν(Hg-O) at 549 cm -1 . Thus, it can be concluded that the reagent HOTT coordinated to Hg(II) via hydroxyl oxygen of the oxime and sulfur of thione forming a six-membered ring chelate in 1:2, Hg:HOTT, molar ratio, i.e. Hg(HOTT)2. 23 The UV-vis studies for HOTT and the HOTT-Hg complex were individually performed and are discussed in detail in SI-4 (Supporting Information).
The performance and reproducibility of the one-step assay on pristine and hydrophobic paper were performed by recording the data of three sets of experiments on both substrates. On pristine paper, spots of HOTT reagent developed color only for 10 2 and 10 3 ppm concentrations of Hg 2+ , hence no PGV was calculated for Hg 2+ concentrations below 10 2 ppm (Fig. 4A, data  plot) . As the image analysis software is equipped to capture the presence of any available pixels, failure to calculate any PGV of assay spots on pristine paper would mean the incumbency of the substrate for rapid detection of Hg
2+
. On hydrophobic paper, PGV increased proportionally from 5 × 10 -4 ppm (i.e., 0.5 ppb) to 10 3 ppm (Fig. 4B, data plot) . Hence, the quantitative data for all Hg 2+ concentrations was available. The use of HOTT in dual wave β-correction spectrophotometry for determination and detection of Hg 2+ has been reported by Hamza et al. 23 Thus, the influence of pH on the color intensity of the developed colored Hg-HOTT complex was critically investigated by the developed method using Britton-Robinson buffer (pH 3 -9) and Hg 2+ (100 ppm) solution. As shown in Fig. 5 , the PGV values for the HOTT-Hg complex increased gradually up to pH 4 -6, at the same time the PGV of blank spot (negative control) also increased. The dissociation of the oxime hydroxyl group at this pH (4 -6) may account for the observed change. At solution pH 7 -9, the PGVBlank value negatively affects the signal-to-noise ratio of the one-step assay. This behavior is most likely attributed to the hydrolysis of the Hg(HOTT)2 complex at pH >7.
The normalized PGV (PGVComplex-PGVBlank) value with respect to pH is in a form of a bell-shaped curve (Fig. 5, inset) which clearly indicates the optimum pH (4 -6) range. The results are in good agreement with the data reported earlier. 23 However, in our developed method we did not make any pH adjustment as Hg 2+ solution was prepared in Milli-Q water (pH 5.4).
We also confirmed the application of our hydrophobic paper in the enhanced detection of Co 2+ and Zn 2+ , respectively. The former metal ion was detected using 5-Br-PADAP and for the detection of the latter H2DZ was used. The outcome of the assay on HMDS modified paper was similar to that observed for the Hg 2+ assay. As shown in Fig.6 , the colored complex formed on 5-Br-PADAP and H2DZ spots with respective metal ions was visible via the naked eye from 5 × 10 -4 ppm (i.e., 0.5 ppb) onwards. In both cases, the LOD on HMDS modified paper was also 5-order of magnitude lower to that observed on pristine paper platform. A detailed explanation of the one-step assay for Co 2+ , Zn 2+ , UV-vis and IR spectra is described in SI-3 and SI-4 (Supporting Information).
The difference observed in the color intensities and PGV values also explains the influence of surface property (i.e., wettability) in improving the sensitivity of the assay. As observed in Fig. 4 (inset) and Fig. 6 , the analyte solution on hydrophobic paper was confined to a limited space, whereas on the pristine surface, a similar solution spread immediately and entirely covered the ligand spots. The overlay of metal ion droplet on the ligand spot represents coverage, which may help us to understand the influence of surface wettability on signal density. The ratio of the surface areas (analyte/ligand) on pristine and HMDS modified filter paper is listed in Table 2 as coverage (%).
It was observed that substrate hydrophobicity had no influence on the spreading of the ligand drop as it was prepared in ethanol.
However, a considerable difference in the surface area of metal ion spots was observed; on pristine paper the droplet for [Hg 2+ ] = 1000 ppm spread evenly throughout the ligand spot, showing 100% coverage, whereas on hydrophobic paper, the maximum coverage was only 53%. Similarly at 100 ppm analyte concentration, the coverage of the reagent spot on pristine filter paper was 63% and was three times higher (i.e., ~20%) than observed on HMDS modified paper ( Table 2) . Coverage of 5-Br-PADAP and H2DZ spots with aqueous Co 2+ and Zn 2+ ions showed similar observations (SI-5, Supporting Information).
On pristine paper, the metal ion droplet spreads immediately in the XY (horizontal) as well as in the Z (vertical) direction, due to which the analyte molecules are dispersed throughout the (ligand) spot area. During this process, the colored (ligandanalyte) complex also diffuses, thereby reducing the density of colored complex formation. At high analyte concentrations the dispersion of analyte molecules would have the least effect on color formation, but at low concentrations no visible color would be developed (SI-6 A, B, Supporting Information). On the other hand, the spreading of an aqueous droplet on hydrophobic paper is restricted in the XY direction only, due to which the diffusion of the analyte molecules is also confined to a limited space. The increased density of the analyte molecules reacts with the ligand molecules that in turn may enhance the signal density. This phenomenon may be less effective at high analyte concentrations where the signal density is already strong, whereas at low concentrations the amassing of analyte molecules in the limited spot area may enhance the signal density (SI-6 C, D, Supporting Information). Hence, on hydrophobic paper the development of a visible colored complex is more prominent even at low analyte concentrations, which is not the case on pristine filter paper. Increasing signal density with reduced spot area is in accordance to Ekin's "Ambient analyte theory". 29, 30 This theory relates the signal and signal density in a microspot and states that the signal (total intensity) increases with an increasing amount of capture molecules and growing spot size, whereas the signal density (signal/area) increases with decreasing amount of capture molecules (decreasing spot size).
Earlier, Mujawar et al. had demonstrated the application of hydrophobic glass slides in diagnostic immunoassays. They observed higher signal density and improved signal-to-noise ratio on high hydrophobic glass slides (θ >90 ) as compared to pristine glass slides. 24 Recently, Feng et al. 31 demonstrated that by supplying higher volumes of analyte solution, the sensitivity of the paper-based assay can be improved to μM range. On the other hand, Takahashi et al. 32 also showed that by selective filtration-enrichment of Hg 2+ ions through dithizone nanofibercoated membrane, the limit of detection could be lowered to 10 ppb. However, as compared to reported work on paper-based assays for detection of Hg 2+ ions, our developed method was found to be the most sensitive with easy colorimetric read-out (Table 3) . Our method does not involve any complicated surface fabrication 31 or synthesis steps 33 nor requires expensive conjugated nanomaterial 34, 35 or biomolecules 9 for sensitivity enhancement. The HMDS modified hydrophobic paper can act as a versatile platform not only for detection of heavy metal ions but also in miniaturized assays where the loss of expensive analytes/reagents can be reduced considerably.
Interference study
The performance of the developed method for detection of Hg 2+ in the presence of potential interfering species was also -, which are the most concurrent ions in water, was tested individually by the developed method. The tolerance limit was defined as the concentration of foreign ion added causing a relative deviation within ±5.0% in the magnitude of the color intensity. Most of these ions did not interfere with the analyte (i.e., Hg 2+ ). Interference of Cu 2+ was masked by adding one crystal of Na2SO3. The data plot on interference and tolerance limit for interfering species are presented in SI-7 and SI-8 (Supporting Information), respectively.
Analytical applications
The developed HMDS modified hydrophobic paper platform was validated by detection and semi-quantitative analysis of Hg 2+ in tap water (spiked with 1 ppm of Hg 2+ ) and municipal wastewater samples. The component analysis of the wastewater samples was performed by ICP-OES and IC, listed in SI-9 (Supporting Information). As shown in Table 4 , the PGV values of spiked tap water sample showed a close proximity with standard Hg 2+ (1 ppm) solution. The variation of ±1% confirms the accuracy and precision of the proposed method for trace analysis of Hg 2+ in complex matrices. Based on the calculated PGV values for domestic wastewater samples, the concentration of the aforementioned ion was found to be between 0.1 -1.0 ppm (Table 4) .
Conclusions
A one-step assay for ultra-sensitive detection of Hg 2+ , Co 2+ and Zn 2+ was demonstrated on HMDS modified filter paper. Due to low wettability of the modified paper, the metal ion droplet localizes on the reagent spot and evaporates in a confined area. The colored complex formed from the accumulation of metal ions on the ligand spot results in enhancement of signal density a. Values ± standard deviation (n = 3). per spot, which in turn enhanced the LOD. On HMDS modified paper, the assay sensitivity was improved by 5-order of magnitude which allowed visual detection of the aforementioned ions in sub-ppm range (i.e., 0.5 ppb). The proposed method was further extended for semi-quantitative determination of the Hg 2+ ion using the metal specific HOTT reagent. The observed LOD was also lower than the maximum allowable level (MAL) in water for the tested metal ions as set by the World Health Organization (WHO). The present method is not only costeffective but also offers a simple system coupled with good reproducibility and accuracy. 
